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State transportation agencies typically manage yearly budgets approaching or in excess of $1 billion. Historically, long-range capital programs have been developed on the basis of forecast demand models. The emerging private-sector probe vehicle data obtained from mobile phones and commercial telemetric providers offer an opportunity to augment traditional forward-looking planning models with performance measures that reflect the conditions motorists are experiencing in near real time. It is critical that these performance measures are scalable on a statewide basis, technically sound, and structured in a graphically intuitive format that facilitates the visual comparison of statewide mobility and congestion challenges. The incorporation of such performance measures allows state agencies to fine-tune the scheduling of their capital projects to more closely align the investment with the network needs.
A second opportunity for the use of the emerging private-sector probe data is in outcome assessments. After construction projects are completed, the impact of the project investment on operational performance can be analyzed and quantified through these performance measures. Before-after assessments are important elements in the demonstration of the value of capital investments to elected officials and taxpayers.
Defining Congestion
An agency can use a number of congestion and travel time indices to develop mobility assessments (1) (2) (3) (4) . Most of the methods focus on metropolitan areas, with very little assessment of what is best or most appropriate agencywide. This paper defines techniques for the use of commercial probe data in the assessment of the temporal and spatial distribution of congestion on over 1,800 directional miles of Interstate in Indiana (Figure 1 ).
For the purposes of this paper, a segment of an Interstate is considered congested when its measured speed falls below 45 mph.
Techniques are presented to demonstrate how probe vehicle data records can be efficiently processed to provide a state agency with a mobility assessment report that contains high-level summary information as well as detailed route information on the basis of the 45 mph speed threshold. The speed threshold approach was chosen for ease of explanation to decision makers, elected officials, and the general public. As a national consensus continues to evolve on how to characterize congestion and travel time reliability, the details of the mathematical computations presented in this paper will likely evolve beyond simple threshold definitions of congestion. However, the temporal and visualization tools presented in this paper can easily be adapted to future computations.
Probe Vehicle-Based Statewide Mobility Performance Measures for Decision Makers
Thomas M. Brennan, Jr., Stephen M. Remias, Gannon M. Grimmer, Deborah K. Horton, Edward D. Cox, and Darcy M. Bullock Decision makers in state transportation agencies typically manage budgets approaching or exceeding $1 billion. Historically, the data used to make investment decisions have been quite coarse and have been typically based on short-term volume counts fed into models to forecast performance. As a result, it is not uncommon for construction projects to address needs that were forecast to be a priority 5 to 10 years earlier, while more pressing congestion challenges go unmet. It is essential that long-term planning begins to be supplemented by more current performance measures. The emerging private-sector probe vehicle data obtained from commercial providers offer an opportunity to augment traditional forward-looking planning models with performance measures that reflect the conditions motorists are experiencing today. This paper proposes scalable, analytical probe data-reduction techniques to create technically sound, yet visually intuitive, system-performance measures of current freeway conditions. These types of performance measure are increasingly used by high-level agency management to identify locations at which customers experience congestion, and the magnitude of that congestion, and to compare congestion on various highway corridors. These proposed performance measures can be used for policy-oriented decisions, such as the prioritization of capital program investments, the management of snow removal, and the scheduling of lane closures. The techniques are applied to seven Indiana Interstate highways, comprised of 1,886 directional miles. The Interstates span rural and urban sections that experience varying levels of recurring and nonrecurring congestion as a result of winter weather and construction activity. Specific examples adjacent to the Indianapolis, Indiana; Louisville, Kentucky; and Chicago, Illinois, metropolitan areas are presented, along with the 10 most congested Interstate segments.
Mobility, in the context of this paper, is a general term that refers to the movement of people or goods. The Texas Transportation Institute has for many years conducted a mobility assessment on a national scale (1) . The 2010 Texas Transportation Institute report evaluated congestion data for 101 metropolitan areas throughout the country. This report provides an extremely valuable national annual benchmark and is widely cited. However, the national report does not provide detailed route assessments that identify the location of operational problems, the impacts of congestion improvement measures, or a means to com-
Potential Data SourceS
To effectively prioritize infrastructure investments that will have the biggest rate of return, a systematic assessment of highway segments is needed, both individually and as part of an Interstate. Highway capacity is one of the traffic engineering metrics most frequently used during the design process. However, after a facility is built, congestion performance measures based on travel time provide a more informative measure that can be utilized by a diverse range of stakeholders and decision makers. The measurement of segment travel time as a means of characterizing congestion has historically been labor intensive and expensive (5) . With probe vehicle data sources, like toll tags, Bluetooth, and vehicular signature recognition (6) (7) (8) , the characterization of travel time and the respective congestion, on a small scale, can be achieved (9, 10) . Recently, commercial data providers have emerged as a more cost-effective source of huge amounts of probe vehicle data for segment analysis on a statewide scale (1, 11) . With this influx of new data, it has become important to develop techniques that process the probe data effectively and to develop methodologies for the extraction of concise system performance summaries that consider travel time reliability. This probe data can then be used to identify potential infrastructure investments and, ultimately, to assess the impact of capital construction projects before, during, and after completion.
Statewide Scalable Data Sources
A number of providers of commercial probe speed data have either developed or collaborated with software companies to produce realtime, color-coded travel time-congestion maps. These maps are routinely used by motorists to view traffic conditions; an example map is shown in Figure 2a . In exchange for allowing motorists to view the real-time maps on the motorists' mobile devices, the commercial provider is permitted to send, through the motorist's mobile application, speed and location information to a private-sector centralized server. This real-time probe data can be used by motorists to plan alternate routes when unexpected construction congestion occurs (Figure 3a) or to find an alternative route to avoid expected congestion ( Figure 3b ). These real-time traffic information systems can impact the driver's route choice on multiple levels, ranging from project to statewide; these choices can ultimately affect the overall performance of the system.
Although real-time maps (Figure 2a ) are useful for travelers in the selection of the best route in near real time, these graphics targeted at motorists are not scalable for an agency that wants to assess how Interstates are performing over a period of time. Fortunately, the commercial data providers archive the probe speed data they collect; the data can then be used by an agency to characterize the minute-by- minute and day-by-day variation in travel speeds along predefined Interstate segments. This archived data is a powerful tool for agencies in the development of a systematic method to analyze and archive the performance measures of an Interstate system. This commercial data source has only recently become available as the use of mobile phones and Global Positioning System devices has become more prevalent.
Magnitude and Spatial referencing of Statewide Data
Over 300 million 1-min average speed records characterize the performance of the Indiana Interstate network shown in Figure 1 . This number illustrates the magnitude of the archived speed data that is now available. Each speed record corresponds to directional road segments that each have a unique segment identifier, length, and location. The road segments on Interstates are typically separated at the exit and entrance ramps. To illustrate the granularity and fidelity of this data, Figure 2b shows a small section of I-65 near Lebanon, Indiana, with three segments in the southbound direction and three segments in the northbound direction. Segments A, C, D, and F are examples of shorter segments between interchange exit and entrance ramps. Segments B and E are substantially longer segments between interchanges. The segments in Figure 2b correspond to the same real-time, color-coded segment speed information found in Figure 2a . Statewide, the 692 uniquely named Interstate segments range in length from 0.003 mi to 14 mi. Each segment can be linked to a subset of the 300 million speed records. This link between a known segment location, segment length, and varying probe speed data provides the basis for the production of system performance measures to characterize Interstate congestion.
average sPeeD
The raw data provided by commercial data providers is best characterized as "data rich, information poor"; temporal and spatial aggregation methods are therefore critical. With segments varying in length from a few hundred feet to over 14 mi, it can be debated whether the use of time mean speed or space mean speed (the harmonic mean) is more appropriate. A sensitivity study was performed to compare the time mean speed and the space mean speed aggregation, and very little difference was observed in the tabulated summary performance measures, which are presented subsequently in the paper. For this study, space mean speed was selected.
Although not a perfect assumption, for the purposes of this paper, in instances in which the number of samples in a 15-min period is zero, the segment is considered to have such low volume that it is assumed to be operating at the posted speed limit.
suMMary statistiCs anD visualization
On the basis of the speed and segment information, the following performance measures were established to analyze the performance of the local and regional roadway system and to characterize Interstate congestion:
• Congestion hours. The number of hours an Interstate segment or series of segments has a speed less than a defined threshold. For this paper, this threshold is set at 45 mph. The congestion hours are useful when plotted on a map to show the location of congestion hot spots and the relative intensity of this congestion.
• Distance-weighted congestion hours. The number of congestion hours multiplied by the segment length in miles. This measure is used to provide the weighting of the segments so that congestion along longer segments gets more consideration than congestion along shorter segments.
• Congestion index. The number of distance-weighted congestion hours divided by the aggregated total lane mileage of the analyzed segments. This measure is useful when comparing congestion levels between Interstates that vary in length (e.g., I-65 versus I-70).
Congestion Hours
The following equation characterizes the total number of congestion hours (CH s ) for a segment along a corridor on which the space mean speed falls below 45 mph during a 15-min bin: An annotated case study from I-65 is used to illustrate the congestion-hour performance measure. In Figure 4 Callouts E and F. Although there was already considerable morning congestion on the section of I-65 near Louisville (marked "Louisville Metro Area" in the figure) , the monthly hours of congestion increased during the period starting in September-October and continued into December 2011, during which time an adjacent section of I-64 was closed. A photograph of this section of I-65 southbound is shown in Figure 3b . Callout L. In the northbound direction of I-65, congestion developed just south of I-265 as evening commuter traffic queued on I-65 to enter the westbound I-265 ramp.
Distance-Weighted Congestion Hours
Although Figures 4 and 5 aid the understanding of the spatial location of congestion, the vertical axis is not to scale. A segment that is 14 mi long and congested for 1 h is considered to have a greater impact on the system than a 0.1-mi segment congested for 1 h. The difference in segment length requires a means to weight each segment on the basis of its length. Distance-weighted congestion hours are computed by multiplying the segment length in miles by the hours of congestion in that segment, as shown in the following equation: To provide an overall comparison of the magnitude of congestion on the Indiana Interstates, Figure 6 shows the combined delay for both directions of travel for the Interstate routes shown in Figure 1 . Not surprisingly, Figure 6 shows the impact of winter weather in January and February. Figure 6b shows the same data as Figure 6a , but the bars are shown side by side instead of stacked to allow a comparison of the magnitude of congestion between corridors. Often, shorter corridors, such as I-64 (Callout A), have fewer distance-weighted hours of congestion. One exception is I-70 between August and October (Callout B), when there was heavy construction west of Indianapolis that increased congestion on I-70.
Congestion index
To provide a performance metric that is not biased by the length of the route, a normalized index is calculated. This normalized index is useful for comparing congestion intensity on Interstates with different lengths (e.g., I-65 versus I-70). This index represents the density of the distance-weighted congestion hours for each Interstate in Figure 1 and is calculated with the following equation:
where CI c = congestion index for an Interstate corridor, d c = total corridor centerline distance (mi) (i.e., the d c for I-65 is 262 mi), and s = segment that is a subpart of the directional segments used to define Interstate corridor C.
A comparison of the Interstates is shown in Figure 7 ; taller bars indicate higher congestion density. Figure 7 shows the same general impact of winter weather as Figure 6 does. However, Figure 7b suggests that I-465 was the most affected by the winter weather. This observation is justified in part by the documented ice storm that passed through central Indiana at the end of January and the first days of February. In general, I-465 has the highest congestion index, perhaps because of its location in an urban area, its sensitivity to winter weather conditions, and its number of active work zones in 2011.
Performance Characteristics of selected interstate Corridors
An example of distance-weighted congestion hours on Interstate routes is shown in Figure 8 for I-65, I-94, and I-70 by direction. • March and April (Figure 8 , Callouts A, B, and C) appear to have the lowest distance-weighted congestion hours. This result is most likely attributable to the transition from winter weather conditions to the construction season. When January and February (Figure 8 , Callouts D, E, and F) are compared to Figures 6 and 7 , the impact of winter weather on the distance-weighted congestion hours along the Interstates in Figure 8 is evident. Because agencies in northern climates often spend in excess of $50 million annually on winter operations, the development of performance measures that help measure the impact winter weather has on those agencies' networks is critical for the selection of the appropriate level of investment in winter operations, as well as the assessment of the impact of alternative approaches.
• In Figure 8a , the southbound congestion on I-65 is typically greater than the northbound congestion; this finding is consistent with Figures 4 and 5 . Of particular note is the increase in I-65 southbound delay, which corresponds to a closure of an adjacent Interstate and a substantial increase in traffic from September through December that increased congestion (Figure 4, Callout F) . The blend of system-level performance measures (Figure 8a , Callout G) and more detailed route performance measures (Figures 4 and 5 ) are important tools for decision makers to be able to identify the magnitude of emerging network congestion as well as to drill down to a level that provides insight into why congestion is occurring.
• In Figure 8b , the eastbound congestion on I-94 dropped significantly between August and September (Callout H), when a major construction project was completed. The provision of tools and data to communicate positive messages when a construction project is completed is an important element in helping to develop the public's trust that tax dollars are invested wisely. In this illustration, the time period before the construction was not captured because the construction project was initiated several years ago, before the emergence of probe data (circa 2005). However, in the future, most new construction projects will have rich before data to draw on when quantifying the before-after impacts of a project.
• In Figure 8c (Callout I), the impact of a relatively short-term pavement rehabilitation project on the I-70 corridor is illustrated. As was shown in Figures 6 and 7 , the congestion along this corridor represented a significant portion of the statewide congestion from August to November. Figure 8c provides additional detail regarding the travel direction that was impacted each month. Figure 9 illustrates the spatial variation by month over the 156-mi I-70 corridor from Illinois to Ohio. There is substantial monthto-month variation, in which congestion occurs along the first 70 mi or so of I-70, from Illinois to Exit 73 (I-74 and I-465). In contrast, the urbanized area adjacent to Indianapolis and I-465 shows relatively consistent recurring congestion. Construction project programming is a challenge that requires high-level decisions about how much to invest in the maintenance of traffic to minimize congestion costs. The development of system-level performance measures (Figures 6, 7 , and 8c) and route performance measures ( Figure 9 ) that monitor the impact of maintenance-oftraffic decisions provides important feedback to decision makers for the identification of the appropriate level of investment in maintenance of traffic for future construction projects. As the availability and acceptance of probe vehicle-based performance grows, there may be opportunities to migrate maintenance-oftraffic decisions to the contractor. It is not hard to imagine agencies using performance measures that allow contractors additional flexibility to close lanes, providing the contractors meet or exceed a certain performance measure.
systemwide Congestion summary and location ranking
The three congestion performance measures-congestion hours, distance-weighted congestion hours, and the congestion indexwere developed to locate operational problems, quantify congestion, and analyze the impact of investment on a project, regional, and statewide scale. The visualization methods used to convey these measures are shown in Figures 4 to 9 . These metrics, in addition to being used to assess and compare Interstates, can be used to develop ranked lists at a relatively detailed level.
For example, Table 1 lists the 10 Interstate segments (out of 692) that experienced the most congestion hours. Seven of the 10 segments listed in Table 1 are located just north of Louisville and correspond to the area labeled "Louisville Metro Area" in Figure 4 . The segment with the eighth largest number of congested hours is a 0.73-mi section of eastbound I-94 between the Illinois border and I-65. With I-94 eastbound construction having been completed on August 15, 2011, it is expected that the amount of congestion on this segment will improve in 2012. This table illustrates how probe data can help augment investment decisions. A variety of metrics (congestion hours, distance-weighted congestion hours, the congestion index, user delay, etc.) could be used to rank the segments. In addition, the segmentation shown in Table 1 corresponds to the base map developed by the probe data provider. With appropriate stakeholder input, there are opportunities to aggregate these segments to provide a more logical packaging for detailed investment decisions.
user Delay Costs
Probe data can also be integrated with volume data to calculate user delay and the user costs attributable to that delay. As an illustration, the travel time on southbound I-65 from Mile Markers 7.4 to 0.0 was calculated for each of the 15 probe data segments that made up that corridor. To calculate the total user delay costs, the change in travel time for passenger and commercial motorists was associated with a congestion cost (1) . For this calculation, it was assumed that the vehicular volume consisted of 17% trucks and 83% passenger vehicles. The vehicle delay cost used for commercial vehicles and passenger vehicles was $88/h and $16/h, respectively (1). In Figure 10 , the monthly user delay and user costs are calculated from Mile Markers 7.4 to 0.0 along I-65. The results show that for all weekdays during an 18-month period, approximately $32 million in user congestion costs were incurred as a result of delay. This information can visually convey to a decision maker where delay costs occur. These types of costs, based on current volumes, can be used to justify benefit-cost ratios for proposed construction projects or infrastructure changes.
ConClusions
An agency's management and infrastructure investment decisions have significant impacts on mobility within a region and, ultimately, the national network. State transportation agencies typically manage yearly budgets approaching or in excess of $1 billion. There is a need for a systematic and scalable methodology to efficiently and effectively evaluate the mobility of the system statewide.
Historically, long-range capital programs have been developed on the basis of forecast demand models. The emerging private-sector probe vehicle data obtained from mobile phones and commercial telemetric providers offers an opportunity to augment traditional forward-looking planning models with performance measures that reflect the conditions motorists are experiencing in near real time. Through the use of the emerging private-sector probe vehicle data, long-term planning models can be augmented by performance measures that reflect current network conditions. These performance measures were applied to 1,886 lane miles (943 centerline miles) distributed among seven of Indiana's Interstates. On a macroscopic basis, the congestion-hour performance measures, such as those applied to the entire 262 miles of I-65 (Figures 4 and 5) , are tools to quantify congestion trends, determine where improvements are occurring, and identify where additional resources need to be invested to preserve the current level of mobility. From these graphs, the directional variation in monthly congestion associated with recurring and nonrecurring congestion was quantitatively and qualitatively analyzed.
The distance-weighted congestion hours ( Figure 6 ) and the congestion index (Figure 7) are both useful in a comparison of the relative congestion between corridors. The user delay cost caused by Interstate congestion is another important metric. This impact was demonstrated on a small scale, and the congestion delay cost calculated for a 7.4-mi portion of I-65 was found to be $32 million over an 18-month period. The results from this small sample of the network are an example of how dynamic user congestion costs can be over a short period of time.
reCoMMenDations
In summary, this paper proposes the implementation of mobility performance measures that are scalable on a statewide basis, technically sound, and structured in a graphically intuitive format that facilitates the visual comparison of statewide mobility and congestion challenges. The incorporation of such performance measures allows state agencies to fine-tune the scheduling of capital projects to more closely align the investment with the network needs. 
